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ABSTRACT 

INVESTIGATION OF LIGHT SCATTERING I N  
HIGHLY REFLECTING PIGMENTED COATINGS 

\los-3 
This  report  contains (1) a detailed discussion of the 

random-walk technique ( fo r  a collapsed cloud) which w i l l  

be used i n  an attempt t o  e lucidate  t h e  multiple sca t te r ing  

mechanisms i n  concentrated, polydisperse paint  f i l m s ,  and 

( 2 )  r e s u l t s  of continued experiments t o  de te rmine theopt ica l  

I 
1 
t 
1 
I 

propert ies  of careful ly  prepared s i l v e r  bromide arrays. The 

random-walk model proposed consis ts  of an ideal ized series 

of energyfioundary encounters wherein t h e  pa in t  f i l m  i s  

treated i n  a manner analogous t o  a series of d i f f rac t ion  

screens consis t ing of random apertures. 

data  of s i l v e r  bromide arrays ind ica te  t h a t  i n  back-scatter 

as  in t o t a l  s c a t t e r  t h e  par t ic les  tend  t o  a c t  as  independent 

s ca t t e r e r s  f o r  energy penetration t o  a depth of from 2 t o  4 

Integrated ref lectance 

layers  of pigment. 
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INVESTIGATI(3I OF LIGHT SCATTEXUNG PARAMETERS 
ASSOCIATED WITH HIGHLY REFLECTING PIGMENTED COATINGS 

I. INTRODUCTION 

The principal objective of this program is the application 

of light-scattering theory to particle arrays in an attempt to 

explain the scattering behavior of polydisperse pigmented coat- 

ings, especially highly reflecting pigmented coatings. In this 

respect, the program is aimed at a definition of the light- 

scattering parameters that are necessary for the maximum reflec- 

tion of solar radiation. 

factors should facilitate the eventual development of wore high& 

efficient solar reflectors and, perhaps more important, should 

serve to extend our ability to apply light-scattering theory to 

the solution of other complex problems involving a multiplicity 

of particles and size distributions. 

The definition and explanation of these 

Existing theory deals with single particles and with simple 

arrays of uniform size and spacing. 

matics dealing with light scattering has precluded the development 

of precise theoretical models which explain the cmsiderably more 

complicated cases of concentrated three-dimensional arrays, 

expecially for systems with a multiplicity of sizes. Therefore, 

some of the questions -- which are in reality quite practical -- 
that this program hopes to answer are: 

particle-size distribution and particle concentration required 

for maximum reflection of the solar (as well as other sources) 

The complexity of the mathe- 

What is the optimum 

I I T  R E S E A R C H  I N S T I T U T E  
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energy distribution? 

spacing be followed to achieve the desired results? 

How closely must the idealized size and 

Previous quarterly reports have discussed (1) the applicable 

classical light-scattering theory, (2) the results of experiments 

concerning the optical properties of carefully prepared silver 

bromide suspensions and gelatin arrays, and (3) the initial 

conception of a random-walk technique with which to treat the 

problem of multiple scattering. 

theory as it pertains to pigmented systems was discussed in IITRI 

Reports IITRLC6018-3 (fully transparent spherical particles) , 
IITRI-C6018-6 (partially absorbing and total reflecting, high 

index particles) , and IITRLC6018-11 (total reflecting spheres) . 
The experimental program has concentrated on the establishment of 

the optical properties of carefully prepared suspensims (in water 

and in gelatin films) of silver bromide particles. These include 

studies of relatively monosized particles as well as of suspensions 

of (bimodal) mixtures of two narrow size distributions, More 

recent theoretical analyses have involved the generation of Monte 

Carlo, random-walk models which are being adapted to the problem 

of defining multiple interaction (i-e., multiple scattering). 

Classical light scattering 

This report contains a more detailed discussion of the 

random-walk techniques and establishes the rationale for this 

approach. The results of continued experimental investigations 

are also presented. 

I l T  R E S E A R C H  I N S T I T U T E  
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11, RANDOM-WALK TECHNIQUE FOR STUDYING MULTIPLE SCATTERING 

I n  an earlier communication it was  suggested t h a t  a random- 

walk summation of sequent ia l  energy encounters between scat tered 

radiat ion and sca t te r ing  pa r t i c l e s  can be used t o  calculate t h e  

e f f e c t s  of multiple sca t te r ing  when radiat ion t raverses  a cloud 

of pa r t i c l e s ,  

average dis tances  between pa r t i c l e  centers  t o  be expected i n  

normal paint  f i lms of about 40% by volume so l id  cancentration, 

it w a s  found t h a t  t he re  was a high probabi l i ty  t h a t  many of t he  

surfaces  of t h e  particles would be i n  contact. This physically 

resembles t h e  s i t ua t ion  t h a t  occurs when the  cloud considered 

when preliminary calculat ions w e r e  m a d e  of the  

i n  t h e  f i r s t  model collapses t o  a contiguous whole. 

main fea tures  of t h e  collapsed cloud are the  lo s s  of i den t i ty  by 

individual particles t h a t  a r e  in  int imate  contact and t h e  high 

densi ty  of scatters per un i t  volume. 

The two 

In  view of these special features of the  closely packed 

pigment particle system, it was  decided t h a t  a random walk 

consis t ing of a series of d i scre te  particle/energy encounters 

may not  be wholly appropriate,  and a second random-walk model 

w a s  developed f o r  t h i s  type of system. In  defense of the  m o d e l  

given i n  t h i s  report, it should be noted t h a t  Van de Hulst has 

recent ly  c r i t i c i z e d  current attempts t o  solve multiple scatter- 

ing problems. H e  s t a t e s  t h a t  " too much emphasis has been placed 

upon redoing w i t h  better accuracy and more ref ined mathematical 

methods t h e  problems for which rough answers a r e  already available.ll 

H e  a l so  points  t o  the encouraging fact  t h a t  t lusually,  t h e  
I l l  R E S E A R C H  I N S T I T U T E  
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i n t u i t i v e l y  chosen solut ion turns out t o  be t h e  correct  one." 

By implication he exhorts t he  scientist  t o  seek i n t u i t i v e  solu- 

t i ons  t o  some of the  more complex interact ion problems. The 

m o d e l  given here is  an attempt t o  a r r ive  a t  an i n t u i t i v e  solut ion 

t o  t h e  l ight-scat ter ing properties of a collapsed cloud of 

individual  sca t te r ing  par t ic les .  

Consider first the  two-dimensional representation of t h e  

penetration of radiat ion through a sect ion through a paint  f i l m  

shown i n  Figure 1. For t h i s  i n i t i a l  model it is  assumed t h a t  

a l l  i n t e r s t i t i a l  spaces a re  completely f i l l e d  with pa in t  vehicle. 

It is per t inent  t o  note  tha t  the  arrows do not depict rays 

but only t h e  d i rec t iona l  f l o w  of energy. The use of arrows t o  

depict  energy direct ions and t o  symbolize encounters of energy 

with boundaries between media of d i f f e ren t  r e f r ac t ive  indices  

is consis tent  with t h e  procedure followed i n  advanced texts 

concerned w i t h  wave opt ics  theories.  I f  it i s  preferred,  t h e  

same type of reasoning based upon the use of Huygen's secmdary 

wavelets i n  the  diagrams would lead t o  t h e  same resu l t .  A t  

encounter 1 some of the  energy i s  reflected, and some is 

transmitted.  The re f lec ted  portion proceeds d i r e c t l y  t o  en- 

aounter 2. The energy transmitted i n t o  the second m e d i u m  a t  

encounter 1 w i l l  proceed t o  t h e  encounter 3. Again, a t  encountears 

2 and 3 t he re  w i l l  be p a r t i a l  r e f l ec t ion  and transmission. 

Further sequence of events are  suggested by the  continuing l i n e s  

drawn i n  Figure 1. Symbolically, the  encounters of Figure 1 

can be represented as shown i n  Figure 2. A t  encounter 1 t h e  

I I T  R E S E A R C H  I N S T I T U T E  
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energy is  separated i n t o  two par t s ,  a re f lec ted  portion denoted 

by R and a transmitted portion, T. Each of these has associated 

w i t h  it a set of characterizing parameters: a, t he  d i rec t iona l  

f u n c t i m ,  8 ,  t h e  phase change with respect t o  t h e  i n i t i a l  beam, 

S, a function of the  absorption f ac to r  of t he  medium through which 

th energy is t r ave l l i ng  and the op t i ca l  path length P b e t w e e n  

encounters, p ,  the f rac t ion  of energy reflected o r  transmitted. 

N o w  consider the energy incident on the surface t o  consist 

of random bursts  of wavetrains. As each wavetrain tries t o  

penetrate  t he  matrix, t h e  orientation of the boundaries w i l l  

be completely a t  random. 

probable with respect t o  t h e  incident direct ion.  

l a rge  number of events are considered, it would seem reasonable 

t o  assume t h a t  half  of t h e  encounters r e f l e c t  t he  energy forward 

and half  backward. 

energy p a r t i t i o n  w i l l  have some average value taken over a l l  

individual values f o r  a l l  possible or ientat ions.  

t h a t  i t s  value is a. 

path length between energy-boundary encounters w i l l  vary between 

zero and an upper l i m i t  imposed by t h e  cha rac t e r i s t i c s  of the 

pa in t  matrix. 

Therefore, a l l  o r ien ta t ions  a r e  equally 

I f  a s u f f i c i e n t l y  

The re f lec t ion  f ac to r  f o r  determining the  

L e t  u s  assume 

Throughout t h e  pa in t  matrix t h e  op t i ca l  

However, i f  enough events a r e  considered, it would s e e m  

reasonable toassumethat there  i s  an average path length be- 

tween encounters, which w e  w i l l  c a l l  d. Again, t he  number of 

events experienced i n  a sequential path w i l l  vary f o r  a given 

sequence, bu t  f o r  a given paint f i l m  there w i l l  be sane average 

I l l  R E S E A R C H  I N S T I T U T E  - 
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characteristic number of events that can be used when averaging 

the penetratian of energy for many sets of events, 

the effects of many incident wavetrains of the same frequency 

travelling through the paint matrix, then the phase relationship 

between the many waves passing through a point chosen within 

the matrix will be distributed at random, i.e,, all phase angles 

If we consider 

between 0 and 2rr will be equally possible. 

Consider first the simple case where all amplitudes of a 

wave be a and let there be n waves passing through a point in 

space. If these motions were all in the same phase, the resultant 
2 2  would be na and the intensity n a , or n2 times that of one wave. 

In the case we are considering, however, the phases are distributed 

purely at random. 

were used, we would now obtain a picture like Figure 3.  

phases al, a2 , .,, take perfectly arbitrary values between 0 
and hr. 

If the graphical method of compounding amplitudes 

The 

The intensity due to the superposition of such waves will 
2 now be determined by the square of the resultant A, 

we must square the sum of the projections of all vectors a on the 

x axis and add the square of the corresponding Sum for the y 

To find A , 

axis. The sum of the x projections is 

a(cos al + COS a 2  

3 + COS a + , . + COS an) 

When the quantity in parentheses is squared, we obtain terms of 

the form cos 

n is large, the latter terms might be expected to cancel out, 

2 a1 and others of the form 2 cos altos a2, When 

I l T  R E S E A R C H  I N S T I T U T E  
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because they take both posi t ive and negative values. 

one arrangement of the vectors t h i s  is  f a r  from t r u e ,  however: 

i n  f a c t ,  t he  sum of these cross-product terms actual ly  increases 

approximately i n  proportian t o  t h e i r  number. 

obtain a d e f i n i t e  r e s u l t  with one given array of randomly dis-  

t r ibu ted  waves. 

In any 

Thus, we  do not 

In  computing the  i n t e n s i t y  i n  any physical problem, we  a r e  

always presented with a large number of such arrays,  and w e  wish 

t o  f ind  t h e i r  average e f fec t .  In  t h i s  case, it is  safe  t o  con- 

clude t h a t  the cross-product terms w i l l  average t o  zero, and we  

have only the  cos a terms t o  consider. Similar ly ,  f o r  t h e  y 2 

project ions of t he  vectors s i n  2 (x terms a re  obtained, and t h e i r  

terms such as 2 s i n  a1 s i n  a2 cancel. Therefore, 

2 
3 0 0 -  + COS an) 1 - A  = a (COS a1 + COS a 2  + COS a 2 2 2 2 2 

~~ 

2 + s i n  a3 + a (s in  a1 + s in  a 2 2 
2 

2 + s i n  (z ) n 
2 2 Since s in  a + cos ak = 1, we f i n d  a t  once t h a t  k 

Thus, the average in t ens i ty  resul t ing from the superposition of 

n waves with random phases i s  j u s t  n t i m e s  t h a t  due t o  a s ing le  

wave . 
The argument out l ined above, which i s  taken from Fundamentals 

of Physical Optics by Jenkins and White, can readi ly  be extended 

t o  t h e  case of n waves when a is varying. However, now the  

average in t ens i ty  would a l so  be a function of t h e  d i s t r ibu t ion  

of amplitudes, Therefore, f o r  t h e  purpose of judging the  inten- 
I J T  R E S E A R C H  I N S T I T U T E  
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sit ies of the  individual averaged energy flows. 

By using these concepts of s t a t i s t i c a l  averaging of many 

events, t h e  flow of energy can be depicted as  shown i n  Figure 4. 

W e  cgls ider  t he  flow of energy i n t o  un i t  area of paint  film. On 

t h e  average, t he  amount of pigment enoountered i n  a un i t  plane is  

t h e  same as t h e  f rac t iona l  volume cmcent ra t ion  of pigment (H. 

Rumpf, Agglomeration, ed., Knepper, 1961, p. 379). I f  we  denote 

t h e  f rac t iona l  volume of sol ids  by E, t h e  amount of incident  

energy, I ,  ref lected is IaE. The amount I (1-a)E is  transmitted 

through t h e  pigment while I (1-E) is transmitted through the  

vehicle. For s implici ty  a t  t h i s  stage,  it is  assumed absorption 

is  neglible, although it i s  possible t o  extend the  model t o  

allow f o r  absorption. 

I n  Figure 4 t h e  r e s u l t s  of t h ree  successive encounters are 

shown. P ic to r i a l  representation of a high number of encounters 

becomes cumbersome, b u t  the  number of events shown i s  su f f i c i en t  

t o  i l l u s t r a t e  the  pr inciple .  A fur ther  development of t he  model 

would be t o  allow f o r  random f luctuat ion i n  E ,  w h i c h  occurs 

when sect ions are taken (through a paint  f i lm) The model shown 

i n  Figure 4 is  obviously related t o  the  Kubelka-Munk model with 

the  ref lectance and sca t te r ing  coeff ic ient  of t he  Kubelka-Munk 

d e r i v a t i m  given physical significance i n  r e l a t ion  t o  the  pro- 

per ty  of the  ref lectance of the pa r t i c l e s ,  t he  t o t a l  surface of 

t he  p a r t i c l e s  ( in  the  number of interfaces  considered per u n i t  

a r e a ) ,  and i n  the packing properties of the  paint  pigment i n  

the  f i l m  considered. 

I l T  R E S E A R C H  I N S T I T U T E  
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I 

It should be noted that a possible physical explanation of 

the proposed model is that the paint film is being treated as a 

series of diffraction screens cmsisting of random apertures -- 
the radiation being homogenized between successive encounters. 

111, EXPERIMENTAL STUDIES 

A. Introduction 

The spectral transmittance properties of exceedingly thin 

(approximating a monolayer), concentrated films of silver bromide 

in gelatin suspensions were given in our last report.' 

three films were compared, in each case: two obtained from 

monodisperse suspensions and one of their bimodal mixture. It 

was shown that the experimentally obtained optical dasity of 

the mixture was closely approximated by the constructed sum 

of the optical densities of single particle suspensions at half 

the concentration, Since the films were exceedingly thin 

(0.4 to 1.0 p) their thicknesses were assumed to be approximately 

equal. 

Sets of 

During this research period several sets of thicker films 

were prepared containing monodisperse and bimodal mixtures. 

films gave a more realistic approximation of a real, pigmented 

paint, 

Such 

Also the films were made sufficiently thick so that the 

backscatter (hemispherical reflectance measurements) 

obtained, 

'Report No. IITRI-C6018-11 (Quarterly Report) , August 

could be 

1964. 

I l l  R E S E A R C H  I N S T I T U T E  
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The thicknesses of t he  above fi lms w e r e  measured in t e r -  
2 ferometr ical ly  ? and the  assumption of equal thickness w a s  

eliminated by the  introduction of t he  measured values i n  the  

ext inct ion equations (see Equatims 3 and 4)  . 3 

The integrated reflectance (nondisperse, d i f fuse  and 

monochromatic, parallel illumination) measurements have been 

completed and the  data  have been p a r t i a l l y  reduced. Some 

preliminary cmparisons of the  ref lectance da ta  i s  given i n  t h i s  

repor t ,  and t h e  r educ t im should be completed during the  next 

research period, 

Our intermediate objective is  t o  obtain experimentally a 

complete balance of rad ian t  energy a f t e r  in te rac t ion  with t h e  

semitransparent pigmented films, e.g., p a r a l l e l  and d i f fuse  

transmittance i n t e n s i t i e s  and integrated re f lec tance  i n t e n s i t i e s  

with and without t he  specular cmponent. 

B. Thickness and Concentration of Semitransparent Films 

The thicknesses w e r e  measured interferometr ical ly  using 
2 

a Z e i s s  model 2300 interference microscope as noted previously. 

The concent ra thns  of t he  monodisperse scatterers w e r e  caiculated 

from t h e  op t i ca l  densi ty  a t  wavelengths corresponding t o  the  

midpoint between t h e  first sca t te r ing  m a x i m u m  and the  minimum, 
4 

and using t h e  ext inct ion equation 

where D i s  the  op t i ca l  density (to t he  base of t h e  na tu ra l  log), 

2Report N o .  IITRI-C6018-8 (Quarterly Report) , May 5, 1964. 

3Report N o ,  IITRI-C6018-11 (Quarterly Report) Septeniber 5,1964,p.12. 
I l l  RESEARCH I N S T I T U T E  
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K is the total Mie scattering coefficient, r is the particle 

radius, n is the particle concentration (number/unit volume, and 

,( is the optical path length or the thickness of the films. The 

concentration may be expressed also as the particle separation in 

terms of the particle diameter for monodisperse suspensions: no T 

particle separation (diameters = 1 : a cubic lattice 

of packing is inherently assumed in the above and separation is 

expressed in the number of diameters between the particle centers. 

1/3 n . 2r 

For the bimodal mixtures (50/50% by weight) the concentrations 

were assumed to be half of the concentrations of the components 

of the mixture. There seems to be no convenient method of 

experimentally measuring ooncentrations in dry films of bimodal 

mixtures. 

summarized in Table 1. 

The thickness and cancentration measurements are 

C. The Transmittance Prowrties of Simulated Bimodal Coatinas 

Sets of three films as noted in our previous report' were 

compared: a sum of the optical densities of two monodisperse 

films at 50% of original concentratim was compared with the 

optical density of the bimodal mixture. 

monodisperse suspensions were normalized to the thickness of the 

bimodal mixture using the thickness measurements given in Table 1. 

The data are summarized in Figures 5 to 7, indicating that the 

two size particles tend to act as independent scatterers in 

4Report No. IITRI-C6018-8 (Quarterly Report), May 5, 1964,p.24, 

'Report No. IITRI-C6018-11 (Quarterly Report), September 5, 1964 

The spectral curves of 

p. 11. 

I l l  R E S E A R C H  I N S T I T U T E  
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A. Predicted from S ing le  Particle Observations 
(B39 + B40j 

Experimentally Measured Optical  Dertsity of the 
Bimodal Mixture (E39 + B40) 

B .  

C. Experimental Optical  Density (D/2) of B a t c h  39 

D. Experimental Optical  Density (D/2)  of B a t c h  40 
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1 

I 
1 

concentrated f i l m s  containing several layers  of pigment. 

It  should be emphasized again t h a t  our greatest source of 

error i n  such a comparison is  probably t h e  measurement of thick- 

ness, Since t h e  f i l m s  are very th in ,  an error of f 15% m a y  be 

expected. The effects of thickness correct ion m a y  be noted 

i n  Figure 8, which represents  t he  m o s t  e x t r e m e  case we have 

observed thus far. 

- 

D. The Hemispherical Reflectance of Simulated B i m o d a l  Coatinus 

The to t a l  hemispherical ref lectance of previously described 

semitransparent f i l m s  w e r e  measured by using nondispersed, 

d i f fuse  i l luminat ion and monochromatic, parallel i l lumination 

a t  normal incidence. The reduction of these data has not  been 

completed a t  t h i s  point.  

i d e n t i c a l  spot on each f i lm (approximately 2 x 2 mm area) was 

used for a l l  measurements (transmittance, ref lectance,  and 

thickness) . 

I t  should be pointed out  t h a t  an 

S o m e  of t he  hemispherical ref lectance da ta ,  i n  r e l a t i v e  

logarithmic in t ens i ty  uni t s ,  a r e  given i n  Figures 9 t o  11. 

The measurements w e r e  made with a magnesium carbonate block 

standard using monochromatic , parallel illumination. 

data ind ica te  t h a t  i n  backscatter as i n  t o t a l  sca t te r ing  t h e  

particles tend t o  act  as independent scatters for  energy 

penetrat ion t o  a depth of 2 t o  4 layers of pigment. 

The 

I I T  R E S E A R C H  I N S T I T U T E  
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I V ,  DISCUSSION OF FUTURE WORK 

A, Classical Liqht-Scatterinq Theory 

The present study i s  being extended by the application 

of M i e  theory t o  three-dimensional particle arrays.  The i n i t i a l  

emphasis i s  on monodisperse arrays of very high r e f r a c t i v e  in- 

dex -- t h e  so-called to ta l ly  r e f l ec t ing  spherical  particles, 

Ei ther  subsequently or concurrently the scatter of transparent 

particle arrays w i l l  be considered. 

B. Random-Walk Technique fo r  Studvinq Multiple Scat ter inq 

The or ig ina l  concept of random-walk sequence w i l l  be 

applied t o  a d i l u t e  cloud system, T r i a l  calculat ions w i l l  be 

undertaken t o  determine t h e  va l id i ty  of t he  approach. The 

behavior of the  mathematical model as the  cloud concentration 

increases w i l l  be studied and the physical significance of 

the model predict ions explored. 

The second type of random-walk model fo r  systems i n  which 

the individual scatterers have started t o  lose t h e i r  separate 

i d e n t i t y  w i l l  be fur ther  developed, Calculations w i l l  be 

performed t o  determine whether useful  physical predict ions can 

be made concerning the  schttering propert ies  of a dense pa in t ,  

I l T  R E S E A R C H  I N S T I T U T E  
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C. Experimental Studies of Silver Bromide Arrays 

The ref lectance data  w i l l  be reduced and re la ted  t o  the 

t ransmit tance measurements during the  nex t  research period. 

Attempts w i l l  be made t o  normalize the data  so t h a t  a detai led 

account of the  d is t r ibu t ion  of the  rad ian t  energy may be ob- 

ta ined by comparing the t o t a l  rate of energy loss (transmitted 

in tens i ty)  with the rate of backscattered energy ( integrated 

r e f l e c t i v i t y  with various modes of i l luminat ion) .  Attempts 

w i l l  be m a d e  t o  relate a l l  of the  above measurements t o  the 

theore t ica l  values predicted by the s ingle  p a r t i c l e  scat ter ing 

theory . 
It i s  visualized t h a t  some of the  op t i ca l  measurements 

appl icable  t o  semitransparent f i l m s  with r ig id ly  defined physi- 

c a l  parameters (such as pa r t i c l e  s i z e  d is t r ibu t ion ,  particle 

concentration, thickness, effect ive re f rac t ive  index) may be 

extended t o  thick,  completely opaque f i l m s  of ident ica l  com- 

posit ion.  Such a f i l m  would represent a t rue  p a i n t ,  therefore ,  

by gradually increasing the thickness of semitransparent f i l m s ,  

it may be feas ib le  t o  elucidate rad ia t ive  interact ions 

occurring i n  real pigmented systems. 

I n  our previous report  6, we s ta ted  a s e t  of hypothetical  

requirements for  an i d e a l  highly r e f l ec t ing  coating based on 

6Report N o .  IITRI-C6018-11, (Quarter ly  Report) September 5,  
1964, pp. 27-30. 
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transmittance measurements. 

such a coating should cons is t  of layers  of particles of in- 

creasing s i z e  w i t h  respect t o  the incident  b e a m .  The rad ian t  

energy balance within such a m o d e l  sha l l  be fur ther  considered 

and elaborated i n  fu tu re  reports. 

test experimentally t h e  va l id i ty  of such a model. 

One of the  requirements was t ha t  

A t t e m p t s  w i l l  be made t o  

I l T  R E S E A R C H  I N S T I T U T E  
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